INTRODUCTION
Two-dimensional (2D) materials such as graphene, 1 boron-nitride, 2 and metal chalcogenides [3] [4] [5] [6] have attracted immense interest over the past decade because of their unusual transport properties. While the thermal conductivities of 1D nanowires have been researched extensively by numerous studies, such as investigating the effects due to boundary scattering [7] [8] [9] and surface roughness, [10] [11] [12] [13] our understanding of thermal conductivity in 2D materials is still under way. Thermal characterization of 2D materials plays a critical role in comprehending not only the optimum thermal design of micro/nanoscale devices but also the fundamental physics of nanoscale thermal physics.
The measurement of the thermal conductivity of 2D materials is challenging due to the following reasons: (1) the need of a downscaled heat source, sink, and thermometer; (2) the need for small and stable thermal contact between the sample and substrate; 14 and (3) the difficulty in manipulating or transferring 2D materials. Various techniques have been developed to measure the thermal conductivity of 2D materials, such as the Raman spectrum method and the nano-or micro-fabricated structure method.
The Raman method to measure the thermal conductivity of 2D materials was developed by Balandin et al. 15 The temperature rise in a sample is measured by Raman microscopy because the peak shifts observed in the Raman spectrum are influenced by the temperature. This method has been used to measure thermal conductivities of many 2D materials such as graphene, 15, 16 BN, 17 MoS 2 , 18, 19 and WS 2 . 20 This method is simple, but has large error bars in its measurements because it is difficult to accurately measure the heat input and temperature rise with optical methods. 21 Also, measuring a) E-mail: woochul@yonsei.ac.kr the thermal conductivity below room temperature with this method is not trivial since the Raman spectrum becomes weaker at lower temperatures.
One of the most popular techniques is the thermal bridge method, which employs two thermally isolated microfabricated membranes; these membranes act as a heater and a heat sink, respectively. The method was originally developed by Kim et al. 22 and Shi et al. 23 and then later improved by Wingert et al. 24 and Zheng et al. 25 This method has been used to measure the thermal transport properties of several two-dimensional materials such as graphene, 26 supported graphene, 27 BN, 28 MoS 2 , 29 and Bi 2 Te 3 . 30 Wingert et al. 31 and Zheng et al. 25 improved the measurement range of microfabricated structures up to 2.5 × 10 11 K/W. However, fabricating delicate structures is complicated, and the transfer process for placing 2D nanomaterials onto the structures may be challenging.
To measure 1D materials, Fujii et al. 32 and Dames et al. 33 suggested the T-bridge method, which requires less microfabrication. The contact between the sample and the suspended heater is assumed to be a point contact because this method was originally developed for 1D materials. Jang et al. 34 later extended this technique to measure the thermal conductivity of few-layered graphene.
Here, we provide a detailed analysis of measuring the thermal conductivity of 2D layers with the T-bridge method. We also present the effects of the thermal contact on the thermal conductivity. We theoretically demonstrate that the T-bridge method can be adapted for 2D materials due to the fact that (1) the measurement range can be easily controlled by simply adjusting the length of the heater (the thermal resistance of 2D materials has a large range based on their thermal conductivity and geometry) and (2) the possibility of transferring 2D materials onto the bridge via stamping (because the heat sink is a solid substrate). The validity of this technique was experimentally verified by measuring the thermal conductivity of a SiO 2 nanoribbon. To reduce the thermal contact resistance for a more accurate measurement, we used a surface treatment method. With this method, we are able to carry out thermal characterization of 2D nanomaterials, which enables us to better understand the fundamental physics of nanoscale heat transfer.
BASIC PRINCIPLE
The schematic diagram of a suspended heater with a 2D material is illustrated in Figure 1 (a). Figure 1(b) shows a scanning electron microscopy (SEM) image of the suspended heater. The heater is divided into three parts: one part is in contact with the sample (subscript 3) while the two others remain suspended (subscripts 1 and 2). In Figure 1 (a), χ 1, 2, 3 represent the normalized ratio of the length of each region (l 1, 2, 3 ) to the total length of the heater, l h . The thermal resistance of the 2D material can be extracted as follows:
where k f is the thermal conductivity of the 2D material, A f is its cross-sectional area, and l f is the length of the 2D material between the heater and heat sink. For parts 1 and 2, a governing equation for the heater can be written as
where x, k h , θ i , Q, A h , and l h are the position on the heater, thermal conductivity of the heater, temperature difference between location x and the heat sink at T 0 (θ = T -T 0 ), heat generation in the heater, cross-sectional area, and length of the heater, respectively. Here, subscript i denotes either part 1 or part 2. In part 3, the governing equation under finite control volume in the suspended heater shown in the inset of Figure 1 (a) is
where q x and q x +dx are the conduction heat transfer in and out of the control volume, q f is the heat dissipation through the 2D sample, and q is the heat generation due to the Joule heating in the control volume.Also, q is the heat generation in the heater, i.e., Q, per unit volume and R' th,f is the thermal resistance of the 2D material per unit length. This equation is identical with Eq. (2) in the absence of heat dissipation through the 2D material. After arranging the governing equation including the Taylor series expansion, the equation can be written as
where R th,h is the thermal resistance of the heater, R th,h = l h /(k h A h ). As shown in the equation, the temperature gradient through the sample should be one dimension. The width of the sample should be small enough to satisfy this assumption. Precisely speaking, the thermal resistances of the sample and the heater must be considered along with the width. Also, the location of the sample should not be far off the center to ensure measurable temperature drop across the 2D sample. We present an analysis regarding these arguments and factors for accurate measurement more in detail later in this paper (see Figures 2 and 3 ). Here, we define the thermal resistance ratio as
The boundary conditions for parts 1, 2, and 3 are shown as
where θ j1 and θ j2 are the temperature differences at the junction between parts 1 and 3 and between parts 2 and 3, respectively. Combining Eqs. (2), (4), and (6), the average temperature rise of the suspended heater, θ avg , is given by 
Here, θ h is the average temperature rise of the suspended heater without a 2D material. 35 Since the thermal conductivity depends on temperature, the maximum θ h should not exceed ∼5 K in order for it to be representative at the measured temperature. If we set this to θ h,max , then Eq. (7) can be written as
where Q n is defined as the fraction of the maximum power at which θ h,max can be achieved, Q max , to the power dissipated in the heater, Q. Then, the normalized junction temperatures can be described as   FIG. 3 . Dependency of dimensionless sensitivity on the thermal resistance ratio with different sample positions.
Figures 2(a) and 2(b) show the relation between the normalized average temperature rise, Θ avg , and the normalized heat generation, Q n , depending on the thermal resistance ratio, γ. As shown in Figures 2(a) and 2(b) , the normalized average temperature rise increases as the normalized heat generation increases. Also, the temperature profile differences in , is decreased. In the analysis, heat losses were not considered. To reflect this point in the measurement, the measurement was carried under high vacuum (∼10 6 Torr) to reduce the convectional heat loss. To minimize the radiation loss, the average temperature difference between the heater and the substrate must be small. When the average temperature difference between the heater and the substrate is 5 K, the radiation loss from the heater to the substrate is 5.7 × 10 8 W (with a heater length of 200 µm and assuming a black body), which is less than 1% of the power applied to the suspended heater (tens or hundreds of µW). The radiational heat loss was estimated as
where ε is the emissivity of the sample (assumed to be a black body) and σ is the Stefan-Boltzmann constant. 36 The temperature distribution in the contact area between the heater and the 2D material of part 3 must be uniform to ensure onedimensional heat flow through the 2D material in Eq. (4). To satisfy this, we set χ 1 and χ 2 to larger than 0.35 and the temperature difference along χ 3 to below 0.5 K 37 at the maximum heat generation, Q n = 1. To obtain the thermal resistance ratio, γ, the parameters R th,h , l 1 , l 2 , l 3 , Q, and θ avg must be extracted. The thermal conductivity of the heater, R th,h , was measured with a blank device by using the method established by Zhang et al. 35 The lengths, including χ 1 l h , χ 2 l h , and χ 3 l h , were measured by SEM. The average temperature rise was measured by determining the change of the electrical resistance (R e ) of the suspended heater, given by
where R e0 is the electrical resistance at the reference temperature (T = T 0 ) and α is the temperature coefficient of the electrical resistance (TCR). The electrical resistance (R e ) was measured by a lock-in amplifier with a 10 ppm/K precision resistor with an R e,external of 10 MΩ in a cryostat with a vacuum level of ∼10 6 Torr. The thermal resistance ratio can be numerically calculated by using Eqs. (8) and (9) with the measured parameters.
The relative uncertainty of the thermal resistance ratio, δγ/γ, can be represented with the uncertainty of the normalized average temperature, δΘ avg , from Eq. (8) with the maximum heat generation, Q n = 1, as
where δ χ 1 and δ χ 3 are the uncertainties of the normalized length ratio. The second and third terms in Eq. (12) can be neglected compared to the first term since the length is measured precisely by the SEM with an uncertainty of only 3 nm. 38 Then, Eq. (12) can be simplified as
The relative uncertainty of the thermal resistance ratio, δγ/γ, must be small. In other words, to accurately measure the thermal conductivity, i.e., the thermal resistance, a small change in the normalized average temperature rise, δΘ avg , should not cause a large change in the thermal resistance ratio, δγ. To quantify the uncertainty, we define the dimensionless sensitivity coefficient, s, as
The high value of the dimensionless sensitivity coefficient, s, represents the small uncertainty of the thermal resistance of the 2D sample. With Eqs. (8) and (14), s is related to the thermal resistance ratio by
where s j1 and s j2 are the dimensionless sensitivity coefficients for normal junction temperatures 1 and 2, Θ j1 and Θ j2 (s j1,j2 = δΘ j1,j2 /(δγ/γ)), respectively. For simplicity, we do not present s j1 , s j2 . Figure 3(b) represents the value of s related to the thermal resistance ratio, γ, given in Eq. (15) (calculated by Matlab). Figure 3 shows that a certain value of the thermal resistance ratio leads to the maximum sensitivity. The large dimensionless sensitivity coefficient, s, implies the small uncertainty of the thermal resistance of the sample.
To obtain the value of the measurement uncertainty of the thermal resistance ratio in Eq. (14), it is necessary to determine the measurement uncertainty of the temperature, δθ avg . The measurement uncertainty of the temperature is obtained from the relative uncertainty of the resistance measurement, which is defined as
where δR e /R e is the relative uncertainty of the electrical resistance of the heater caused by the electrical resistance of the suspended heater (R e ), which is utilized to monitor its temperature rise; this is measured by a lock-in amplifier with the TCR of the heater. 
where δV and δI source are the measurement uncertainties of the voltage and current sources, V and I are the measured voltage and applied current source, and δV source /V source and δR e,external /R e,external are the relative uncertainties of the voltage source caused by the lock-in amplifier and the external resistance, respectively. The relative measurement uncertainty of the voltage (δV measured /V measured ) is around 2.0 × 10 5 (∼39.8 nV/2 mV) with a gain accuracy of 1% for the lockin amplifier (SR 850 To ensure that the uncertainty of the thermal resistance ratio (δγ/γ) is less than 5%, s should be larger than 0.05 in Eqs. (13) and (14); this is due to the fact that the maximum temperature rise of the suspended heater without the 2D material should be θ h = 10 K with δθ avg = 25 mK. In this case, we can expand the measurement of the thermal resistance ratio range up to 0.31 to 51 at the center. If the uncertainty of temperature is about 200 µK, 39,40 the sensitivity should be larger than 0.004 to obtain 0.5% uncertainty of the thermal resistance of the sample. In this case, we can expand the measurement of the thermal resistance ratio range up to 0.0215 to 738 at the center.
EXPERIMENTAL MEASUREMENT
To verify the setup, we performed thermal conductivity measurements on a SiO 2 nanoribbon. It is known that the thermal conductivity of SiO 2 does not depend on its dimensionality; the thermal conductivity of bulk SiO 2 should be the same as that of SiO 2 nanowires or nanoribbons due to its amorphous structure. The SiO 2 nanoribbons were synthesized by the following method. Si nanoribbons (NRs) were synthesized on Si (100) substrates. The Si (100) substrates were degreased with a solvent, etched in an HF solution, and rinsed with deionized H 2 O. Next, the substrates were immersed in a diluted hydrofluoric acid solution (HF:H 2 O = 1:9). In the case of Fe, anhydrous FeI 2 powder was employed as the Fe source. The Si NWs were grown in a hot-wall quartz tube reactor with the hydrogen flow rate set at 3000 sccm. A 5-nm-thick Au layer was deposited on the substrates as a catalyst. The furnace temperature was increased up to 1050 • C at a rate of 82 • C/min. Then, Si tetrachloride (SiCl 4 ), which acted as the Si source, was kept at 1050 • C for 30 min. The carrier gas transferred the source precursor through a bubbler to the quartz reactor, and H 2 was inserted into the system at a flow rate of 20 sccm. H 2 (3000 sccm) and Ar (100 sccm) were used as diluent gases, which adjusted the concentration of the mixture containing the SiCl 4 vapor and carrier gas. Finally, the furnace was cooled down to room temperature. The Si NRs were annealed in oxygen gas for 6 h at 900 • C to obtain silicon dioxide (SiO 2 ) NRs.
The suspended heater was fabricated through a microfabrication process. First, a 500-nm-thick low-stress SiN x film was deposited on a wafer through a low-pressure chemical vapor deposition (LPCVD) method. Chromium/platinum (Cr/Pt; 5/30 nm in thickness) was sputtered on the SiN x film. Then, a photoresist was patterned with a KrF stepper, and the photoresist pattern was transferred to the Cr/Pt metal layer through reactive ion etching (RIE). After the photoresist was stripped, the second photoresist was patterned on the SiN x etching mask layer. The patterned SiN x layer was etched out by RIE. After the second photoresist was stripped, potassium hydroxide (KOH) was used to etch the exposed region of Si. The heater was released when the Si substrate was etched.
To place the 2D materials on a measurable spot, a variety of techniques, such as drop-dry, 12, 22, 23 nanomanipulation, 23, 32, 41 and nano-pattering, 12, 34 have been used. The manipulation of 2D materials is difficult because their contact area is larger than those of nanowires and nanotubes and it is easy to tear 2D materials as they are moved/detached from where they were initially dispersed/deposited. Nanopatterning has problems related with standing capillary forces, even when a critical point dryer (CPD) is used. We used the drop-dry method with silicon dioxide (SiO 2 ) NRs lying on the suspended heater, as shown in the SEM image in Figure 4 . The inset of Figure 4(a) shows the diffraction pattern obtained via transmission electron microscopy (TEM), which depicts an amorphous crystal structure. Using atomic force microscopy (AFM), the width and thickness of the SiO 2 NR were determined to be 1.52 µm and 135 nm, respectively, as shown in the inset of Figure 4 (a). The position parameters such as χ 1 , χ 2 , and χ 3 are 0.498, 0.494, and 0.008. In Figure 4 , the SiO 2 NR is placed across the heater making a cross shape. Although this structure is not the T-bridge structure, the presented analysis here is still applicable; the thermal conductivity of the 2D material is extracted from measured thermal resistance, i.e., Eq. (1). Therefore, in this case, the thermal conductivity of the 2D material can be extracted based on the parallel resistance model.
Although the measurement uncertainty is small, a thermal contact resistance which can be varied a lot depending on the nature of the contact exists between the 2D materials and the heater or the heat sink. To reduce the amount of thermal contact resistance, the thermal contacts between the sample and the heater and between the sample and the heat sink must be improved. Several methods have been suggested to improve the thermal contacts such as depositing Pt/C pads through focus ion beam (FIB) techniques 12, 23, 30, 34 or enhancing the sticking force between interfaces via capillary forces. 42, 43 To investigate the effect of the thermal contact resistance on the thermal conductivity, we measured the thermal conductivity of the SiO 2 NR treated in three different ways. First, we treated the sample with a drop-dry method in an isopropyl alcohol (IPA) solution. Second, the results were FIG. 5 . Thermal conductivity of the SiO 2 bulk 36 and SiO 2 NR. The black line corresponds to the thermal properties of the SiO 2 bulk. 36 The red circles, blue triangles, and green inverted triangles represent the thermal conductivities of the SiO 2 NR samples prepared with IPA, humidity, and FIB, respectively. The scale bar in (a) is 5 µm.
obtained after the sample was placed under humid conditions for an hour and dried to enhance the van der Waals forces between the sample and heat sink interfaces. After Pt/C deposition by FIB (shown in Figure 4(b) ), the third result was measured. The thermal conductivities of the SiO 2 NR with a width of 1.52 µm and a thickness of 135 nm, dried after each treatment, were numerically calculated using Eq. (8) . These are represented as red circles, blue triangles, and green inverted triangles, respectively, in Figure 5 . Figure 5 shows that the measured thermal conductivities of the SiO 2 NR and its bulk counterpart are similar. 36 The thermal conductivity of SiO 2 does not depend on the structure because of its amorphous structure. This result suggests that our approach can be used to measure the thermal conductivity of 2D materials. The thermal contact obtained by the treatment using humid conditions was similar to the thermal contact obtained using FIB.
In Figure 5 with green inverted triangles, the thermal resistance ratio between the sample and the heater ranges between 0.68 and 1.03 from 50 to 500 K. With this thermal resistance ratio, the dimensionless sensitivity spans 0.18 to 0.19 based on Eq. (15) . The relative uncertainty of the thermal resistance measurement is then 1.31% to 1.37% without considering the thermal contact resistance. Thus, the relative uncertainty of SiO 2 NR thermal conductivity is 2.15% to 2.32%.
As shown in Figure 5 , it can be deduced that the thermal contact resistance of SiO 2 NR is negligible. However, there are cases when thermal conductivity of 2D materials is high enough to consider the effect of thermal contact resistance. In this case, the thermal resistance of the 2D material should be designed in such a way the thermal contact resistance to be small. For example, the distance between the heater and the heat sink, i.e., the length of the 2D material or the width of the 2D material can be adjusted to increase the intrinsic thermal resistance of the 2D material compared to the thermal contact resistance. The thermal contact resistance can be estimated from the thermal pin analysis 28, 44 or is known in some cases; Dorgan et al. 45 estimated the thermal contact conductance of suspended graphene to be 4 × 10 7 W/m 2 -K to 10 8 W/m 2 -K.
Chen et al. 46 measured the thermal contact conductance between graphene and silicon oxide to be 8.3 × 10 7 W/m 2 -K to 1.8 × 10 8 W/m 2 -K. Jo et al. 28 presented the thermal contact conductance of boron nitride to be 0.17 to 2.4 × 10 6 W/m 2 -K. Pettes et al. 30 reported the thermal contact conductance of bismuth telluride nanoplates to be 1.4 × 10 5 W/m 2 -K to 2.5 × 10 6 W/m 2 -K.
CONCLUSION
We have developed a T-bridge method to measure the thermal conductivity of 2D nanomaterials. We presented an analysis of the measureable positions, width, and thermal resistance of two-dimensional materials. Although uncertainty can be minimized when the sample is located at the center of the heater wire, we showed that there is a range acceptable uncertainty, even when the sample happens to be placed at an off-center location.
For verification purposes, the thermal conductivity of a SiO 2 nanoribbon was measured. To enhance the thermal contact between the nanoribbon and the heater in the setup, the nanoribbon was dipped into either isopropanol or water to promote surface tension. Also, focused ion beam deposition was used to promote the thermal contact. The thermal conductivities of all three cases were identical, showing that water dipping could be used to enhance the thermal contact. This method enables the thermal characterization of 2D nanomaterials, which plays a critical role in comprehending the fundamental physics of nanoscale heat transfer.
